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0 Piezoelectric loudspeaker and method for manufacturing the same. 



0 Disclosed is a piezoeiectric loudspeaker. 

According to the present Invention, a piezoeiec- 
tric loudspeaker (2) comprises a flat compound pi- 
ezoelectric sheet (4) in which multiple piezoelectric 
devices (14) are arranged in an organic material 
(16); electrodes (6A, 6B) which are provided on 
respective surfaces of the compound piezoelectric 
sheet (4); an acoustic impedance matching support 
layer (8) for maintaining the flat compound piezo- 
electric sheet (4) In a curved shape and for matching 
an acoustic impedance; and a support frame (10) for 
supporting the compound piezoelectric sheet (4) at 
its circumference. Thus, sound reproduction with a 
desirable frequency properties that have little distor- 
tion can be performed. 
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BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to a loudspeaker 
that employs a piezoelectric device, and in particu- 
lar to a piezoelectric loudspeaker that employs a 
compound piezoelectric assembly and to a method 
for manufacturing such a loudspeaker. 

DESCRIPTION OF RELATED ART 

Generally, a loudspeaker is so designed that 
when a tone signal is transmitted to a voice coil 
that is connected to a voice cone, the Interaction 
that occurs between the magnetic field that is gen* 
erated by the voice coil and the magnetic field of a 
permanent magnet mechanically vibrates the voice 
cone, and the vibration is transferred to the at- 
mosphere to reproduce sounds. 

Ideally, sounds would be reproduced efficiently 
and with no discemable distortion over a wide 
range of from several tens of Hz to several tens of 
KHz. which constitutes the audible frequency range 
of human beings. In actuality, since it is not possi- 
ble for a single loudspeaker to cover such a wide 
frequency range, a plurality of loudspeakers are 
employed that correspond to discrete frequency 
bands. In addition, the sizes of electromagnetic 
loudspeakers that use permanent magnets are in- 
creased to inaease sound pressure, and their 
weight is accordingly greater. 

Cun-ently. there has been an Increased de- 
mand for acoustic devices, such as stereo sets and 
televisions, that are light, thin, and compact, and 
pursuant to this need, piezoelectric loudspeakers 
that are extremely thin and light have been devel- 
oped. For such a piezoelectric loudspeaker, elec- 
trodes are formed on both surfaces of a thin plate 
of, for example, a lead titanate zirconate (PZT) 
ceramic, and the resultant structure is fixed to a 
metal vibration plate with an adhesive. Then, when 
a tone signal is received, the piezoelectric effect 
causes the vibration plate to vibrate and sounds 
are reproduced. 

However, a conventional piezoelectric loud- 
speaker that is constituted by a metal vilyatlon 
plate and a single piezoelectric ceramic component 
has a low degree of flexibility freedom, and is 
acoustically hard. Further, harmonics tend to occur 
and. accordingly, distortion frequently occurs. 

To resolve such a shortcoming, in, for example. 
Japanese Patent Laid-Open Nos. Sho 61*205099. 
Sho 62-24770. anS Sho 63-4799 is disclosed a 
loudspeaker that employs a compound piezoelec- 
tric sheet wherein a piezoelectric ceramic and an 
organic material, such as a resin, co-exist to ac- 
quire both the piezoelectric effect of the piezoelec- 



tric ceramic and the flexibility of the organic ma- 
terial. Various types of this loudspeaker have been 
developed. 

In the design of a loudspeaker that employs a 
5 compound piezoelectrte sheet, to form the sheet 
multiple piezoelectric devices are mounted within a 
grid that is composed of an organic material, such 
as an epoxy resin, and electrodes are thereafter 
formed on both suriaces of the sheet The com- 
10 pleted structure is shaped like a flat sheet or a 
dome. A thin film for the adjustment of tones is 
formed on one face of each electrode to improve 
the tone quality. 

The reproductive frequency properties of a pi- 
ts ezoelectric kuidspeaker delicately vary, depending 
on the material of which it is constructed and the 
thickness and the shape of the included compo- 
nents. Its output characteristics are also greatly 
affected by the above elements. Therefore, even 
20 though a number of improvements such as those 
that are described above have been made, such as 
the employment of a compound piezoelectric sheet 
and the application of a thin film to provide for the 
adjustment of tones, the actual reproduction char- 
as acteristics of a piezoelectric loudspeaker, such as 
the distortion characteristics in a high tone range or 
the sound pressure characteristics in a middle tone 
range, are not yet satisfactory, and further Improve- 
ment is required to contend with common elec- 
30 tromagnetic loudspeakers. 

SUMMARY OF THE INVENTION 

The present invention is proposed to overcome 

35 the above described shortcomings. It is one object 
of the present invention to provide a piezoelectric 
loudspeaker whose frequency properties, etc^ are 
superior and a method for manufacturing such a 
piezoelectric loudspeaker. 

40 It is another object of the present invention to 
provide a piezoelectric loudspeaker by which 
sounds can be reproduced that have preferable 
frequency properties and that have less distortion, 
and a method for manufacturing such a piezoelec- 

45 trie loudspeaker. 

As the result of careful study, the present In- 
vention is provided in accordance with the opinion 
of the present inventor that the frequency prop- 
erties and the output characteristics for reproduc- 

50 tion are greatly affected mainly by the volume rate 
of a piezoelectric device in a compound piezoelec- 
tric sheet, an organic material in the compound 
piezoelectric sheet, a curvature radius for the com- 
pound piezoelectric sheet when a toudspeaker is to 

55 be formed, and material for an acoustic impedance 
matching layer that improves tone quality, and that 
the frequency properties, etc.. can be substantially 
improved by selecting the optimal ones. 
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in addition, the present invention is provided in 
accordance with the opinion that sound pressure 
characteristics, etc.. can be substantially increased 
by especially selecting an optimal curvature for the 
compound piezoelectric sheet. 

To overcome the above described shortcom- 
ings, according to the present invention, a piezo- 
electric loudspeaker comprises: a compound piezo- 
electric sheet in which multiple piezoelectric de- 
vices are arranged within an organic material; elec- 
trodes that are formed on both surfaces of the 
compound piezoelectric sheet: an acoustic imped- 
ance matching support layer, which extends to 
cover the electrodes, for holding the compound 
piezoelectric sheet in a curved shape and for 
matching an acoustic impedance; and a support 
frame for supporting the compound piezoelectric 
sheet around its circumference. 

With the above described structure, according 
to the present invention, flatness of sound pressure 
in a comparatively high frequency range and the 
frequency property can be improved and the oc- 
currence of distortion can be also limited. 

A comparatively soft resin, such as polyure- 
thane resin, a silicone rubber resin, or a silicone 
varnish, whose hardness value falls within the A60 
to A94 range according to the Japanese Industrial 
Standards, for example, is employed as the acous- 
tic impedance matching support layer to improve * 
Intonation. In addition, a comparatively hard resin, 
such as an epoxy resin, is employed as the organic 
material in the compound piezoelectric sheet, so 
that the compound piezoelectric sheet can itself 
function to retain the its curved shape. As a result, 
the thickness of the matching support layer is 
reduced, and accordingly, the degree to which the 
output (sound pressure) is decreased is less. 

It has been determined that when a compara- 
tively hard resin, such as an epoxy resin, is em- 
ployed as the organic material in the compound 
piezoelectric sheet, the thickness of the matching 
support layer should be 0.1 mm or greater, a 
thickness that is sufficient to maintain the curved 
shape of the compound piezoelectric sheet and to 
inhibit the occurrence of harmonics when the sheet 
is vibrating. It has been further determined that 
when a comparatively soft resin, such as a polyure- 
thane resin, is used as the organic material, the 
thickness of the matching support layer should be 
0.5 mm or greater. In this fashion, the occurrence 
of distortion dunng reproduction can be substarv 
tially limited and preferable frequency properties 
can be acquired. 

The volume ratio for the piezoelectric device in 
the compound piezoelectric sheet is set at 30% or 
higher. When the volume ratio is too tow, the 
output characteristics will be deteriorated and the 
sound pressure characteristics will not be flat. 



When the volume ratio is too high, the output 
characteristics are increased, while distortion fre- 
quently occurs. Therefore, the volume ratio for the 
piezoelectric device is set preferably so that it falls 
5 within a range of from 40% to 80%. 

In additioa according to the present invention, 
to resolve the previously mentioned shortcomings a 
piezoelectric loudspeaker comprises: a compound 
piezoelectric sheet that is composed of multiple 
TO piezoelectric devices that are arranged within an 
organic material; electrodes formed on both sur- 
faces of the compound piezoelectric sheet; an 
acoustic impedance matching support layer, which 
extends to cover the electrodes, for holding the 
IS compound piezoelectric sheet in a curved shape 
and for matching an acoustic impedance; and a 
support frame for supporting at its circumference 
the compound piezoelectric sheet the curved 
shape of which has a curvature radius 30 times as 
20 long as a string length of an opening. 

With the above descritjed structure, the flat- 
• ness of sound pressure and the frequency prop- 
erties in a comparatively high range can be im- 
proved and the occun-ence of distortion can be 
25 substantially reduced. 

These characteristics and properties can be 
improved by increasing the dimensions for the 
curved shape of the compound piezoelectric sheet 
so that they are greater than those for a predeter- 
30 mined size. Because when the size of the sheet is 
increased, so too is the volume of the piezoelectric 
devices that are inckided within the sheet, and the 
electromechanical conversion efficiency is im- 
proved. The effects due to the curved vibration 
35 face are also increased. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is an enlarged cross-sectional view of the 
40 essential portion of a piezoelectric loudspeaker 
according to the present invention; 
Fig. 2 is an enlarged perspective view of a 
compound piezoelectric sheet that is employed 
for the piezoelectric loudspeaker shown in Fig. 
45 1; 

Fig. 3 is a cross-sectional view of the piezoelec- 
tric speaken 

Fig. 4. composed of Figs. 4A through 40. is a 

diagram for explaining one method for forming a 
50 compound piezoelectric sheet; 

Fig. 5. composed of Figs. 5A through 5F, is a 

diagram showing various support frame shapes 

for a piezoelectric loudspeaker; 

Fig. 6 is a schematic cross-sectional view for 
55 explaining the bending state of the compound 

piezoelectric sheet; 

Fig. 7. composed of Figs. 7A through 7E, is a 
diagram for explaining another method for for- 
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ming a compound piezoelectric sheet: 
Fig. 8 is a diagram for explaining a method for 
filling spaces between piezoelectric devices with 
an organic material: 

Fig. 9 is a perspective view of a compound 
piezoelectric sheet for which cylindrical piezo- 
electric devices are employed; 
Fig, 10. composed of Figs. 10A through 10F, is 
a diagram for explaining an additional method 
for forming a compound piezoelectric sheet: 
Fig. 11 is an enlarged perspective view of a 
piezoelectric device that is employed for the 
sheet in Fig. 9; 

Fig. 12 is a graph showing the relationship be- 
tween a frequency and sound pressure when 
the volume ratio of the piezoelectric devices in 
the compound piezoelectric sheet is varied; 
Ftg. 13 is a graph showing a ratio gain t^etween 
the maximum value and the minimum value off 
sound pressure relative to the volume ratio of 
the piezoelectric devices in the compound pi- 
ezoelectric sheet; 

Fig. 14, composed of Figs. 14A through 14E, is 
a diagram showing the vibration state attained 
by computer simulation; 

Fig. 15 is a graph showing the relationship be- 
tween the thickness of a protective film and 
sound pressure when the thickness of an acous- 
tic impedance matching support layer is con- 
stant 

Fjg. 16 is a graph showing relative sound pres* 
sure when the thickness of the protective film is 
altered and the total thickness is changed while 
the thickness of the matching support layer Is 

fixed; 

Fig. 17 is a graph showing the change of sound 
pressure relative to a frequency when the hard- 
ness of the acoustic impedance matching sup- 
port layer is varied; 

Fig. 18 is a graph showing the ratio gain be- 
tween the maximum value and the minimum 
value of sound pressure relative to the hardness 
according to the JIS-A standards: 
Fig. 19. composed of Figs. 19A and 19B. is a 
diagram showing examples of the vibration state 
obtained by computer simulation when the cur- 
vature radius of the compound piezoelectric 
sheet is 200 mm and 500 mm; 
Fig. 20 is a graph showing the relationship be- 
tween the sound pressure and the ratio of the 
curvature radius R of the compound piezoelec- 
tric sheet and the string length L of the cor- 
responding sheet cross section; 
Fig. 21 is a graph showing the influence of the 
size ratio W/t of the piezoelectric device; 
Fig. 22 is a grap)h showing the flatness achieved 
when the hardness of an adhesive is evaluated; 



Fig. 23 is a graph showing the actual properties 
of the piezoelectric toudspeaker according to the 
present invention: 

Fig. 24 is a graph showing a frequency and 
5 sound pressure when a preferred loudspeaker 
according to the present invention is evaluated: 
Fig. 25 is a diagram illustrating a modification of 
the acoustic impedance matching support layer: 
and 

10 Fig. 26 is a graph showing the relationship be- 
tween tiie hardness of the organic material in 
the compound piezoelecti'ic sheet according to 
the JIS-A standards and sound pressure. 

16 DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

One embodiment of a piezoelectric loud- 
speaker according to the present invention and a 

20 method for manufacturing tiie piezoelectric loud- 
speaker will now be described in detail while refer- 
ring to the accompanying drawings. 

Fig. 1 is an enlarged cross-sectional view of 
the essential portion of a piezoelectric loudspeaker 

2S according to the present Invention: Fig. 2 is an 
enlarged perspective view of a compound piezo- 
electric sheet that is employed for the piezoelectric 
loudspeaker shown in Fig. 1: Ftg. 3 is a cross- 
sectional view of the piezoelectric toudspeaker: Fig. 

30 4 is a diagram for explaining a method for forming 
a compound piezoelectric sheet; Fig. 5 is a dia- 
gram showing various support frame shapes for a 
piezoelectric toudspeaker and Fig. 6 is a sche- 
matic diagram for explaining the bending state of a 

35 compound piezoelecti'ic sheet for the piezoelectric 
loudspeaker. 

As is illustrated, a piezoelectric loudspeaker 2 
comprises a piezoelectric composite sheet i.e., 
compound piezoelectric sheet 4 that includes pi- 

40 ezoelectric devices 14 and an organic material 16, 
two electi'odes 6A and 6B tiiat are fixed with an 
adhesive to the surfaces off the sheet 4. an acoustic 
impedance matching support layer 8 that is fixed 
with an adhesive to tiie surface of the electrode 6A, 

45 and a support frame 10 (see Fig. 3) that is formed 
of metal or resin, for example, and that supports 
the laminated body at its circumference. In tiie 
diagrams, a protective film 9 is fixed with an adhe- 
sive to the surface of the eiecuode 6B to protect 

50 the electrode from oxidization. When a tone signal 
is sent from a tone signal source 12 through lead 
lines (not shown) ttiat are laid from the electrodes 
6A and 6B.^ the compx)und piezoelectric sheet 4 is 
vibrated in the direction of its thickness due to the 

55 piezoelectric effect and tones are released. Al- 
though in Fig. 1 the individual components are 
formed flat for the explanation, actually, the entire 
sheet is bent with the matching supp)ort layer 8 

4 
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having a convex shape, as is shown in Fig. 3. The 
piezoelectric sheet 4 is fixed to a support frame by 
using, for example, an adhesive 1 1 - 

To form the piezoelectric sheet 4. first, a PZT 
ceramic that has a thickness of 0.5 mm and that 
has been uniformly polarized in the direction of its 
thickness, is fixed to a flat machining jig plate. On 
its surface, a grid shaped series of grooves that are 
0.3 mm deep are formed at a 0.1 mm pitch by a 
blade that is 0.2 mm thick. Then, an organic ma- 
terial, such as a polyurethane resin, an epoxy resin, 
or silicon rubber. Is employed to fill the thus 
machined grid shaped series of grooves and is 
permitted to harden. The resultant structure is 
machined while in contact with the jig plate face, 
and material is removed by grinding until the face 
of the grid appears. Fig. 2 is a perspective view of 
the thus provided compound piezoelectric sheet 4. 
The shaded portions that have a square pillar 
shape represent the piezoelectric material i.e., pi- 
ezoelectric devices 14, and the grid shaped portion 
that is fastened to them represents the polymer 
i.e.. organic material 16. By selecting the thickness 
of a blade for matching and a groove pitch as 
needed, the volume ratio of the piezoelectric de- 
vices in the compound piezoelectric sheet 4 can be 
varied. Further, by specifying a different quality 
(hardness) for the organic material 16 that is used 
in the compound piezoelectric sheet 4, the degree 
to which the matching support layer 8 is required 
to perform the shape support function can be 
changed. 

The electrodes 6A and 6B are formed of a 
conducting film, such as aluminum film, copper 
film, or Cr-Au film. The electrodes can be provided 
by ion plating or vacuum evaporation, for example, 
of a Cr-Au film of approximately 0.4 um thick. As 
another electrode fomnation method, electroless 
copper of about 0.4 um can be formed by plating, 
or a conducting film of from approximately several 
um to several hundred um thick can be formed by 
using a conducting paste. The acoustic impedance 
matching support layer 8. which is formed of a 
polyurethane resin, for example, has a matching 
function for properly transferring the vibration of the 
piezoelectnc sheet 4 to the air, a shape supporting 
function for retaining in a bent state the piezoelec- 
tric sheet 4, which is very flexible, and an ox- 
idization protecting function for preventing the elec- 
trode 6A, which is so internally provided, from 
oxidization. The optimal frequency property for re- 
production is acquired by specifying the thickness, 
the material quality, and the hardness of the acous- 
tic impedance matching support layer 8. 

The protective film 9 is made of a compara- 
tively soft and very thin organic material, such as a 
polyurethane resin. In this case, in contrast to the 
previous one. the matching support layer 8 may be 



made thinner and the protecting layer may be 
formed thicker. Either construction is acceptable as 
long as the matching support layer 8 and the 
protective layer 9 can together maintain the piezo- 

5 electric sheet 4 in its bent shape. As a specific 
example, in this embodiment thickness LI ol the 
piezoelectric sheet 4 is 0.2 mm. thickness 12 of 
both of the electrodes 6A and 6B is 0.3 um. 
thickness 1.3 of the acoustic impedance matching 

10 support layer 8 is 3.0 mm. and thickness L4 of the 
protecting layer 9 is 0.1 mm. 

Although the above described method for for- 
ming the compound piezoelectric sheet 4 employs 
a blade to fomi grooves that are then filled with an 

IS organic material, such grooves may be provided as 
is shown in Rg. 4. The illustrations in Fig. 4 show 
another method for forming a compound piezoelec- 
tric sheet. Fig. 4A is a plan view of a ceramic green 
sheet Fig. 48 is a cross-sectional view of the 

20 ceramic green sheet in Fig. 4A; Rg. 4C is a dia- 
gram showing the state where cracking is per- 
formed in a ceramic flat plate that is obtained by 
annealing the ceramic green sheet; and Fig. 4D is 
a diagram showing the state where a resin is used 

25 to fill the CTacks formed by the procedure in Rg. 
4C. 

As is shown in Figs. 4A and 48. a grid frame 
(not shown) that is made of stainless steel or 
plastic Is pressed against the surface of a com- 
30 paratively soft PZT ceramic green sheet 20 that is 
about 0.5 mm thick and that is formed of a ceramic 
powder and an organic binder, and grooves 22 are 
formed in a grid shape thereon. At this time, as the 
grooves 22 that are formed do not reach the txrt- 
35 tom of the ceramic green sheet 20. a slight portion 
of the sheet 20 remains that has not been cut and 
the ceramic green sheet has not yet been sepa- 
rated into pieces. 

Then, the ceramic green sheet 20 in which the 
40 grooves have been formed halfway in the direction 
of the thickness is sintered at a predetermined 
temperature (1150 to 1250 -C). The sintered sheet 
20 is mounted and is fixed with an adhesive to a 
flexible plate 24 that is made of a flexible member, 
45 such as rubber, as is shown in Fig. 4C. Then, the 
flexible plate is two-dimensionatly extended, or is 
pressed against a grid frame (which is made small- 
er than the previously employed frame by taking 
into consideration the shrinkage percentage after 
50 the sintering process), and by applying pressure or 
employing impact, cracks 26 are formed under the 
grid shaped grooves 22. Thus, the ceramic green 
sheet 20 is divided into multiple ceramic pieces 
along the grooves. 
55 Sequentially, as is shown in Rg. 40. the flexi- 
ble plate 24 is extended to the sides and fonvard 
and backward in the manner that, lor example, the 
flexible plate 24 is bent in an arc shape so that its 
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face on which the ceramic green sheet 20 is nr>oun- 
ted is slightly formed convex, and the grooves 22 
and the cracks 26 are opened wider. In the con- 
dition, the organic material 24. such as a polyure- 
thane resin, an eF>oxy resin, or silicone rubber, is 
filled from above in the grooves and the cracks 26. 
When this resin is solidified and the surface of the 
ceramic green sheet 20 is flattened, the same 
compound piezoelectric sheet as is shown in Rg. 2 
can be provided. 

According to this manufacturing method. conr>- 
plicated groove formation by using a blade, which 
takes much time, is not necessary, and a piezo- 
electric sheet can be manufactured easily with low 
costs. To change the volume ratio of the piezoelec- 
tric devices in the compound piezoelectric sheet, 
the width of the grooves is altered by selecting the 
thickness of the grid frame with which grooves are 
formed as needed. 

The method for forming cracks in the annealed 
ceramic green sheet 20 is not limited to the above 
described method. Such cracks can be formed in 
the manner that, after the ceramic green sheet 20 
is mounted on and is fixed with an adhesive to the 
flexible plate 24. by extending the flexible plate 24 
on the flat plate, or by using a die and bending the 
ceramic green sheet 20 together with the flexible 
piate 24 into a spherical shape. Or. a specific 
procedure is performed in advance on the ceramic 
green sheet 20 that will prevent cracked pieces 
from scattering, and before it is mounted on the 
flexible plate 24. cracks are formed in the ceramic 
green sheet 20 and the cracked ceramic green 
sheet 20 is be mounted on the flexible plate 24. 

Following this, the flexible plate 24 is bent and 
the grooves 22 is opened wide before an organic 
material is used to fill the grooves 22 and the 
cracks 26. In this case, the organk: material is 
introduced into all the grooves 22 and the cracks 
26 at the same time while they are opened wide by 
the bending of the flexible plate 24 into a spherical 
shape, or the organic material may t>e introduced 
into the grooves 22 and the cracks 26 along the 
vertical and horizontal directions by the bending of 
the flexible plate 24 in the directions that are per- 
pendicular to each other. Of course, the polariza- 
tion process for the piezoelectric devices 14 can 
be performed any time after the sheet is sintered. 

The support frame 10 that supports the sheet 
around its circumference can be formed in various 
shapes. It can t>e formed, for example, in a circular 
shape, as in Fig. 5A. in an oblong shape, as in Fig. 
5B, in an almost rectangular snape. as in Rg. 5C. 
in an almost square shape, as in Fig. 5D. or in a 
polygonal shape (not shown). The support frame 10 
may be shaped by Dc; iding it three-dimensionaily. 
as is shown in Fig. 5E. Further, as is shown in Fig. 
5F. the compound piezoelectric sheet 4 may be 



bent so that it assumes the shape of a segment of 
a cylinder or the shape of a segment of a cylinder 
that has an oblong cross section, and the support 
frame 10 may be provided to hold the sheet 4 

5 around its circumference. 

As is described above, the compound piezo- 
electric sheet 4 is not flat but is bent into a dome 
shape. In a cross section of the opening 18 of the 
loudspeaker, as is shown in Fig. 6. in order to 

TO improve the sound pressure characteristics, the 
piezoelectric 4 is formed into a curved shape that 
is expanded beyond a spherical shape, which has 
a curvature radius R that is a predetermined num- 
ber of times, for example, 30 times, larger than the 

75 width of the support frame 10, i.e.. the string length 
L of the arched sheet cross section. The sound 
pressure characteristics especially can be substan- 
tially improved by specifying such a cun^ed shape 
for the compound piezoelectric sheet 4. 

20 The manufacturing method for the compound 
piezoelectric sheet 4 is not limited to the above 
descrit)ed method, and another method can be 
employed. As an example, the compound piezo- 
electric sheet 4 may be formed as follows. 

25 Rg. 7 is a diagram Illustrating an additional 
method for manufacturing a compound piezoelec- 
tric sheet As is shown in Rg. 7A, first, a compara- 
tively soft ceramics green sheet 20 that consists of 
a ceramic powder and an organic binder is formed, 

30 annealed, and solidified to provide a sintered sheet 
20. Then, this sheet 20 is bonded by using, for 
example, wide adhesive double coated tape 34. 
and is pressed from both sides by a press machine 
36 to divide the sheet 20 and to form multiple 

35 piezoelectric devices 14. as is shown in Rg. 78. 

An upper die 36A and a lower die 36B of the 
press machine 36 have, for example, convex-con- 
cave pressing faces 38A and 38B with alternately 
raised and depressed portions that are arranged in 

40 a grid shape. The raised and the depressed por- 
tions of the pressing face 38A corresponds to the 
depressed and the raised portions of the pressing 
face 38B respectively . i.e.. the pressing faces 38a 
and 38b form a number of sets that each comprise 

45 a male die and a female die. Therefore, when the 
sintered sheet 20 is sandwiched between the dies 
36A and 36B of the press machine 36. the sintered 
plate 20 can be so divided that it assumes an 
almost grid shape, as is shown in Fig. 7B. 

50 It should be noted that the piezoelectric de- 
vices 14 that are formed by dividing the sheet 20 
will not scatter because the sheet 20 is held by the 
wide tape 34. 

Sequentially, as is shown in Rg. 7C. the tape 

55 34 is mounted onto an elastic body 38, such as 
silicone rubber, that is extended in the directions 
that are indicated by arrows 40 to expand its area, 
and the intervals for the adjacent piezoelectric de- 



6 



11 



EP 0 685 985 A2 



vices 14 are slightly longer by a predetermined 
length. 

Then, as is shown in Rg. 70. the organic 
material 16 is introduced into the gaps between the 
piezoelectric devices 14 in the same manner as 
before, and is hardened, h should be noted that 
Rg. 70 is a cross-sectional view in the direction off 
the thickness of the sheet 

Since the entire surface of the sheet will be 
covered with the organic material 16 if it is simply 
is left to harden, as is performed in the above 
described example, the surface is ground to a 
gnnding line 42 in Rg. 70 and the heads of the 
piezoelectric devices 14 are exposed, thereby pro- 
viding the compound piezoelectric sheet 4 that is 
shown in Rg. 7E. After the grinding is completed, 
the elastic body 38 and the adhesive double coat- 
ed tape 34 are naturally removed. Rjrther. the 
polarization process for the piezoelectric devices 
14 can be performed any time after the sheet 20 
has been sintered. 

According to this example, the compound pi- 
ezoelectric sheet 4 can also be easily manufac- 
tured and manufacturing costs can be drastically 
reduced. 

Although, in this embodiment, the entire struc- 
ture is mounted on the surface of the elastic body 
38 of silicone rubber after being pressed, the elas- 
tic rubber 38 may also be fixed to the lower face of 
the adhesive double coated tape 34 and be 
pressed by the press machine 36. 

Although, as is shown in Rg. 7C. the elastic 
body 38 is extended to separate the adjacent pi- 
ezoelectric devices 14 the separation method is not 
thereby limited so. For example, as is shown in 
Rg. 8, the elastic body 38. on which the divided 
sheet 20 is placed, can be mounted on the surface 
of a curved jig 44. which has a spherical curved 
face, and be so extended that the adjacent piezo- 
electric devices 14 are separated. In such a con- 
dition where the piezoelectric devices 14 are lo- 
cated at the intervals, an organic material 16 need 
only be introduced into the gaps between the pi- 
ezoelectric devices 14 and allowed to harden. 

In the above described embodiment, an ex- 
planation has been given by employing the piezo- 
electric devices that are formed as a rectangular 
paralielpiped or a cube with an almost square cross 
section. The piezoelectric device is not limited to 
these shapes, however, and may be formed with a 
polygonal cross section, or as is shown in Rg. 9. 
with a cylindrical shape. According to the illustra- 
tions, the piezoelectric devices are aligned verti- 
cally and horizontally. However, the arrangement of 
the piezoelectric devices is not limited to this.* and 
they may be arranged elaborately, for example, by 
providing one more piezoelectric devices in the 
center of every four of the piezoelectric devices 



that are shown in Rg. 9. 

A further method for manufacturing a com- 
pound piezoelectric sheet where cylindrical piezo- 
electric devices are formed will now be described 
5 while referring to Rg. 10. 

Rrst. as is shown in Rg. 10A. a comparatively 
soft ceramics material 46 that consists of ceramic 
powder and an organic binder is pressed out in a 
cylindrical form by. for example, an extruder (not 
10 shown), and is cut into pieces having a predeter- 
mined tWckness by a cutter 44. The cut pieces are 
then annealed to provide multiple piezoelectric 
pieces. Rg. 11 is a perspective view of the thus 
formed piezoelectric devices. The length (diameter) 
75 W is defined, for example, as about 1 to 2 mm and 
the tWckness t is defined, for example, as approxi- 
mately 0.5 mm. 

A metal or plastic sheet 50, which has multiple 
holes 48 in which piezoelectric devices are ar- 
20 ranged, is prepared as is shown in Rg. lOB. Wide 
adhesive tape 52, for example, is attached to the 
bottom of the arrangement sheet 50. as is shown in 
Rg. IOC, and from the opposite side, the piezo- 
electric devices 14 shown in Rg. 11. which were 
25 fonned previously, are dropped into the arrange- 
ment holes 48. In this case, diameter 01 of the 
holes 48 is set so that it is slightly larger than the 
length (diameter) W of the piezoelectric devices 14, 
so that a single piezoelectric device 14 can be 
30 fitted into each hole 48. 

The piezoelectric device anangement sheet 50 
has the same thickness as thick as the thickness t 
of the piezoelectric devices 14. or is set so that it is 
slightly larger in order not only to facilitate the 
35 dropping of the piezoelectric devices 14 into it but 
make it easy to eliminate extra piezoelectric de- 
vices 14. 

The dropping of the piezoelectric devices 14 
into the arrangement holes 48 can be easily per- 
40 formed by alternately vibrating the piezoelectric 
device arrangement sheet 50 and inclining it in the 
direction of a plane face while many piezoelectric 
devices 14 are scattered across the upper face of 
the sheet 50. 

45 When the dropping of the piezoelectric devices 
" 14 has been completed and the piezoelectric de- 
vice arrangement sheet 50 Is removed, as is shown 
in Fig. 100. the piezoelectric devices 14 are 
aligned on the adhesive tape 52. 

50 Then, as is shown in Rg. 10E, the organic 
material 16. which is the same as that which was 
previously employed, is applied to fill the gaps 
between the arranged piezoelectric devices I4 that 
it covers the surfaces of all the piezoelectric de- 

55 vices 14. When the organic material has hardened, 
it is ground down to the grinding line 42 to expose 
the head surfaces of the piezoelectric devices 14. 
Rnally, the compound piezoelectric sheet 4 can be 



BNSOOCID <EP 06S5Se5A2J_> 



13 



EP 0 685 985 A2 



14 



provided that is shown in Fig. lOF. The polarization 
process for the piezoelectric devices 14 can be 
performed any time after the ceramic material 46 is 
sintered. 

Further, in order to arrange the cyliridrical pi- 5 
ezoelectric devices along a curve, it is possible for 
the piezoelectric device arrangement sheet 50 to 
be curved, then, when the adhesive tape 52 has 
been attached thereto, the piezoelectric devices 14 
are dropped into the arrangement holes 48 and are lo 
arranged along the curved jig 44 that is shown in 
Fig. 8, which has a corresponding curved shape. 
Finally, by filling the gaps between the piezoelec- 
tric devices 14 with the organic material 16. a 
compound piezoelectric sheet having a curved is 
shape can be formed. 

In this case, the sheet 4 can be formed easily 
and the manufacturing costs can be substantially 
reduced. 

The frequency properties and the output char- 20 
acteristics (sound pressure) of the piezoelectric 
loudspeaker are greatly affected by the volume 
ratio of the ceramic piezoelectric devices in the 
compound piezoelectric sheet the organic material 
in the compound piezoelectric sheet, the material 25 
of the acoustic impedance matching support layer 
for improving tone quality, and the curvature of the ^ 
compound piezoelectric sheet Therefore, the op- 
timal ranges for these components must be set 

The volume ratio of the ceramic piezoelectric 30 
devices 14 in the compound piezoelectric sheet 4 
is set at 30% or higher. Fig. 12 is a graph showing 
the relationship between a frequency and sound 
pressure when the volume ratio (fraction) of the 
piezoelectric devices in the sheet is variously al- as 
tared, and Fig. 13 is a graph showing the gain of a 
ratio of the maximum value to the minimum value 
of sound pressure, relative to the volume ratio of 
the piezoelectric devices in the compound piezo- 
electric sheet The hardness of the acoustic imped- 40 
ance matching support layer is set to A79 accord- 
ing to the JIS (Japanese Industrial Standards), and 
polyurethane is employed for that layer. In this 
graph, relative values for the individual cases are 
acquired by using a frequency of 2 kHz as the 45 
standard. 

As is apparent from Fig. 12. although sound 
pressure (relative value) peaks at at)out 2 kHz to 3 
kHz, regardless of the volume ratio Vpzt of the 
piezoelectric devices, when the volume ratio is so 
small, such as 11% or 25%. the sound pressure in 
a high frequency area is too low. which is not 
preferable. 

For reproduction, the sound pressure charac- 
teristic that affects efficiency is important, in addi- ss 
tion. it is also important that the sound pressure be 
flat over a specific frequency range, i.e., the flat- 
ness must be preferable. The graph in Fig. 13 



shows the gain of the ratio of the maximum value 
and the minimum value of sound pressure from 1 
kHz to 10 kHz and evaluates the flatness. As the 
value for the sound pressure is smaller, the flatness 
is t>6tter. As is apparent from Fig. 13, in the range 
for the volume ratio of 30% or higher, the gain of 
the ratio of the maximum value of sound pressure 
to the minimum value is equal to or lower than 20 
dB and the value of flatness is preferable. Taking 
the results in the graphs in Figs. 12 and 13 into 
account it is found that with the volume ratio of the 
piezoelectric devices of 30% or higher both the 
sound pressure and the flatness are desirable. Fur- 
ther, with the volume ratio for 40% to 80%. the 
flatness is 12 dB or lower and a more preferable 
characteristic is acquired. 

For fabrication of the compound piezoelectric 
sheet 4, therefore, a proper thickness of the blade 
and a proper pitch for the grooves, into which an 
organic material is to k>e introduced, are selected 
and the volume ratio of piezoelectric devices 
shouki be so set that It is within the above de- 
scribed range. 

For sound reproduction, the distortion and out- 
put of the reproduced sounds are also affected by 
the material, the hardness, and the thickness of the 
acoustic impedance matching support layer 8 (see 
Fig. 1). In order to provide an improved acoustic 
impedance and eliminate no distortion, and to 
maintain high output efficiency while the compound 
piezoelectric sheet is maintained in a curved 
shape, the sum of the thicknesses of the protective 
film 9 and of the matching support layer 8 is set so 
that it falls within the range of from 0.5 mm to 5.0 
mm. and a comparatively soft material with the 
hardness of JIS-A60 to A90 is emptoyed for these 
components. 

This will t>e specifically explained based on 
computer simulation. The illustrations in Fig. 14 
show vibration states using computer simulation. 
Fig. 14A is a diagram showing the vibration state 
when a comparatively soft resin, i.e., a polyure- 
thane resin, having a thickness of 0.2 mm is 
formed as a matching support layer 8 on tx)th 
surfaces of a compound piezoelectric sheet 4 hav- 
ing a thickness of 0.2 mm. Fig. 14B is a diagram 
showing the vibration state when each of the poly- 
urethane resin layers that is formed on the surfaces 
has a thickness of 0.5 mm. Fig. 14C is a diagram 
showing a vibration state when each of the polyure- 
thane resin layers has a thickness of 1.0 mm. Fig. 
140 is a diagram showing the vibration state when 
the polyurethane resin layers have a thickness of 
2.0 mm. And Fig. 14E is a diagram showing the 
vit>ration mode when the polyurethane resin layers 
have a thickness of 3.0 mm. The curvature radius 
of the piezoelectric sheet in each diagram is set at 
200 mm, a forcible vibration frequency is set at 1 
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kHz. and one of the polyurethane resin layers 
serves as a protective film. The displacement of 
the individual stales are shown enlarged. 

As is apparent from these diagrams, when the 
protective film 9 and the matching support layer 8 
are too thin, vibration having an opposite phase 
occurs, and a harmonic is also caused, which is not 
preferable for the characteristic. This is because an 
excessively thin support layer can not maintain the 
curved shape of the piezoelectric sheet, and the 
vibration state is not stable (see Figs. 14A and 
14B). . 

On the other hand, when the protective film 9 
and the matching support layer 8 are thick (see 
Figs. 14C and 14D). the vibration state has no 
opposite phase and becomes stable. When a com- 
paratively hard epoxy resin is employed as an 
organic material in the piezoelectric sheet steady 
vibration can be acquired even with a matching 
support layer of about O.l mm. 

However, when the thickness of the matching 
support layer 8 is excessively large (see Fig. 14E). 
the amplitude becomes small, the sensitivity is 
reduced, and efficiency is lowered, tl is therefore 
detennined that the sum of the thicknesses of the 
protecting film 9 and of the matching support layer 
8 should not be excessively large. 

In this case, if the thickness of the protective 
film 9 on one surface is reduced to half or less 
than that of the matching support layer 8 on the 
other surface, the sensitivity can be increased and 
sound pressure can be set high. For an explanation 
of this, the graph in Fig. 15 shows sound pressure 
(relative values) when the thickness of the match- 
ing support layer 8 on one face is fixed at 3.0 mm 
and the thickness of the protective film 9 on the 
other face is varied. As is apparent from this graph, 
as the thickness of the protective film 9 is smaller, 
the sensitivity is increased, the sound pressure is 
raised, and a preferable characteristic is acquired. 
Especially, when the thickness of the protective 
film 9 is reduced to half or less than that of the 
matching support layer 8 (1.5 mm or less in the 
graph), high output efficiency can be maintained 
while the vibration is steady. 

The sum of the thicknesses of the matching 
support layer 8 and of the protective film 9 will be 
discussed. The graph in Fig. 16 shows relative 
sound pressure at a frequency of 2 kHz when the 
thickness of the matching support layer 8 is fixed 
at 2 mm and at 3 mm while the thickness of the 
protective film is varied. According to this graph, 
when the sum of the film thicknesses exceeds 5.0 
mm. the sensitivity drastically drops and relative 
sound pressure falls below the limit value, so that 
this case is found to be not preferable. 

Therefore, as is shown in Rg. 1, on one face, a 
protective film 9 of polyethylene resin is deposited 



that has a thickness (about 0.1 mm) which is only 
enough to prevent the oxidization of the electrode 
6B, while on the other face, a matching support 
layer 8 of polyurethane resin is deposited that has 
5 a sufficient thickness (about 3.0 mm). The relaUve 
sound pressure characteristic can be opfimized. 

As for the hardness (JIS-A standards) of the 
matching support layer at this time, the graph in 
Fig. 17 shows the change in the sound pressure 
10 (relative value) relative to a frequency when the 
hardness of the matching support layer is changed, 
and the graph in Fig. 18 shows the gan of the ratio 
of the maximum value of sound pressure to the 
minimum value within the range of from 1 kHz to 
IS 10 kHz. with respect to the JIS-A standard hard- 
ness, and represents the evaluation of the flatness. 
As is apparent from Figs. 17 and 18. as the hard- 
ness of the matching support layer is inaeased. 
the sound pressure is raised, which is preferable. 
20 When the hardness is A94 according to the JIS-A 
standards, however, the sound pressure is changed 
too much and the flatness is deteriorated. As for 
the gain of the ratio of the maximum value of 
sound pressure to the minimum value, the gain is 
25 increased and the flatness is reduced whenever the 
matching support layer Is harder or softer, with a 
hardness of JIS-A70 as the minimum value. There- 
fore, the hardness range for satisfying both the 
sound pressure characteristic and the flatness 
30 characteristic must be JIS-A60 to JIS-A94. as is 
previously described. 

The matching support layer 8 eliminates har- 
monics and distortion by matching an acoustic 
impedance with the atmosphere, and expands a 
35 reproduced tone range. However, when the func- 
tions of the matching support layer 8 are exces- 
sive, the output is reduced and the efficiency is 
deteriorated. Thus, it is preferable that a compara- 
tively hard resin, such as an epoxy resin, be em- 
40 ployed as an organic material in the compound 
piezoelectric sheet 4 so as to increase its mechani- 
cal strength, and that a comparatively soft resin, 
such as polyurethane resin, be employed as the 
matching support layer 8 so as to match the acous- 
45 tic impedance with the atmosphere. 

When the mechanical sti'ength of the piezo- 
electric sheet 4 is increased, the matching support 
layer 8, which performs the shape maintenance 
function, can be thinner within the range in wtiich 
50 the acoustic Impedance characteristic is not dete- 
riorated. Accordingly, the output characteristic can 
be prevented from deteriorating and the output 
efficiency is increased. When a hard epoxy resin, 
for example, is employed as an organic material for 
55 the compound piezoelectric sheet to increase its 
mechanical suength. the sum of the tiiicknesses of 
the matching support layer 8. which perfonns the 
shape maintenance function, and of tiie protective 
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layer 9 can be reduced to 0.1 mm. 

A broad reproduced tone range can t>e ac- 
quired by providing such an appropriate matchirtg 
support layer 8 that sounds frequencies in not only 
a high tone range but also in a middle tone range 
can be reproduced by a single loudspeaker, so that 
the loudspeaker can serve as a tweeter and a 
squaker. 

In addition, the output characteristic for re* 
production is greatly affected by the curvature ra- 
dius of the vibrating body of the loudspeaker. The 
curvature of the compound piezoelectric sheet 
which is a vibrating body, is set to a predetermined 
value or greater. An explanation of this will be 
given below. Fig. 19 is a graph showing example 
vibration states obtained by computer simulation 
when the curvature radius R of the compound 
piezoelectric sheet is 200 mm and 500 mm. Fig. 20 
is a graph showing the relationship between the 
sound pressure (relative value) and the ratio of the 
curvature radius R of the compound piezoelectric 
sheet and string length L (see Rg. 6) in a cross 
section of the sheet. 

The illustration in Rg. 19A shows the vibration 
state for a curvature radius R of 500 mm. and the 
illustration in Rg. 19B shows the vibration state for 
a curvature radius R of 200 mm. The thickness of 
the piezoelectric sheet is set at 02 mm. the thick- 
ness of the protective film 9 is 0.1 mm. and the 
thickness of the matching support layer 8 is 3.0 
mm. As is apparent from the illustrations, when the 
curvature radius R is small. i.e.. when the curvature 
of the bending face is large, the amplitude is in- 
creased and the output characteristic efficiency is 
raised. 

In Rg. 20. the above descrit>ed tendency clear- 
ly appears. When R/L is decreased. i.e.. when the 
compound piezoelectric sheet 4 is expanded verti- 
cally in Rg. 6. the sound pressure (output) is 
drastically increased and the efficiency becomes 
greater. This is because, with the string length L 
being constant, as the curvature radius R is re- 
duced and the piezoelectric sheet is expanded 
more, the volume of the piezoelectric devices in 
the piezoelectric sheet is increased, and the elec- 
tromechanical conversion efficiency and the effects 
that are due to the curve of the vibrating face are 
improved. 

The Hi'L ratio relative to the tower limit value of 
sound pressure of a common electromagnetic loud- 
speaker is about 30. and the cross section of the 
sheet in this case is indicated by the solid line in 
Rg. 6. Thus, when the curved shape of the sheet is 
* set to the shape that is specified by expression R/L 
^ 30 (the shape that is expanded vertically more 
than the sheet curved face that is specified by R/L 
= 30). the high sound pressure characteristic can 
be acquired. Preferably, the sheet should be 



formed so that it can be expanded more than the 
curved face of the sheet that is specified by R/L - 
20. More preferably, R/L should be set in the range 
of from 0.5 to 5.0. The curve for R/L - 0.5. which 

5 is indicated by the broken line, is a semi-arc with 
the string length L as a diameter, but the bending 
shape of the sheet is not limited to an arched 
shape in cross section, and may have an oblong 
shape in cross section that is further expanded 

70 (indicated by the chain double-dashed line in Rg. 
6). The bending shape of the sheet in this case is 
oblong in a revolved section. The expression of R/L 
^ 30 must satisfy the cross-sectionai shapes in any 
direction that runs across the center of the support 

IS frame 10 in Rg. 5. In the rectangular support frame 
10 in Rg. 5C. for example, the above expression 
must t>e established for any of its cross sections 
taken along the vertical direction and the horizontal 
direction across the center. 

20 In the support frame 10 shown in Rg. 5F. the 
cross section taken abng the horizontal direction 
•must satisfy the above expression. 

As described above, when tfie expanded state 
of the curved shape of the compound piezoelectric 

25 sheet is set to a predetermined size or greater, 
high sound pressure (output) during reproduction 
and high efficiency can be maintained. 

The cross sectional shape of the sheet does 
not need to be an exact arc or an exact ot)tong. 

30 and may be slightly deformed. Any degree of de- 
formation can be accepted so long as the curved 
shape of the sheet is so expanded as to satisfy the 
above expression. 

As other parameters, thickness t of the piezo- 

35 electric device 14. the hardness of the organic 
material 16 in the compound piezoelectric sheet 4. 
and ratio W/t of length (diameter) W of the piezo- 
electric devices 14 to the thickness t (see Rg. 11). 
and the hardness of the adhesive 11 for securing 

40 the sheet 4 to the support frame 10 were studied* 
and the following results were obtained. 

Although thickness t of the piezoelectric device 
14 has k>een set at 0.2 mm in the previous embodi- 
ment, through the study of various thicknesses t it 

45 was determined that it should be 1.0 mm or less to 
acquire a predetermined sound pressure. When the 
thickness t exceeds that value, the sound pressure 
is considerably reduced, which is not a preferable 
result It should be noted that, by employing a 

50 doctor blade method, a piezoelectric device with a 
thickness t of several um can be easily manufac- 
tured. 

As for the hardness of the organic material 16 
of the compound piezoelectric sheet 4. through the 
55 study of various hardnesses, it was determined that 
the hardness of the organic material 16 sfK)ukJ be 
set at A60 or greater according to the JIS-A stan- 
dards in order to acquire a predetermined sound 
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pressure. When the hardness of the organic ma- 
terial 16 is set excessively low. below A60. the 
displacement o! the loudspeaker when it is driven 
is difficult to transmit, which is not a desirable 
result 

When the hardness of the organic material 16 
is set to A90 or greater, the Ijending shape of the 
piezoelectric sheet 4 can be maintained and the 
acoustic matching support layer that is formed is 
thin, so that sound pressure can be increased and 
a preferable arrangement can be provided. 

As for the ratio W.I of the piezoelectric device 
14, sound pressure (relative value) at 2 kHz was 
examined by varying that ratio and the results 
shown in the- graph in Fig. 21 were acquired. The 
ratio VpTT relative to the organic material 16 of the 
piezoelectric device 14 is 66%. The sound pres- 
sure is represented by normalizing it at 2 kHz. 

Sound pressure which can be accepted for the 
employment of a loudspeaker is about 4.5 dB. As 
is apparent from the graph, when the ratio of W/t is 
set to 20 or lower, the preferable results can be 
acquired. In other words, when the ratio of W/l 
exceeds 20. the sound pressure is reduced until it 
is too low and preferable results can not be pro- 
vided. 

As for the hardness of the adhesive 11 which Is 
employed for fixing the sheet 4 to the support 
frame 10, through the study that was conducted by 
varying the hardness, the results shown in the 
graph in Fig. 22 were acquired. This graph shows 
the relationship between the hardness of the adhe- 
sive 1 1 according to the JIS-A standards and the 
maximum value/minimum value of 20 Log sound 
pressure, and represents the evaluation of the flat- 
ness. For this evaluation, the frequency is set with- 
in the range of from 1 kHz to 10 kHz. 

In this case, although the characteristic is con- 
siderably preferable at the sound pressure ratio of 
20 dB or lower, when the used adhesive 11 is too 
soft, it is greatly displaced at the boundary with the 
support frame 10 and the vibration state is un- 
steady. According to the present invention, it is 
preferable that the circumference of the loud- 
speaker be securely fixed to the support frame 10. 
and the hardness of the adhesive 11 must be A70 
or greater according to the JIS-A standards in 
order to stabilize the vibration state of the adhesive 
11 at the boundary with the support frame 10. 

Any adhesive that has the above described 
hardness, such as a polyurethane resin adhesive or 
an epoxy resin adhesive, may be employed. As the 
support layer 10. a plastic resin, metal, or wood 
may be employed. 

In the structure in Fig. 1. a polyurethane resin 
is used for an organic material in the piezoelectric 
sheet and the organic materials of the protective 
film 9 and the matching support layer 8. By using a 



loudspeaker for which such a piezoelectric sheet is 
set to 16 cm x 16 cm. the frequency propeay was 
actually evaluated. The results are shown in Fig. 
23. 

5 In this graph, curve A represents a distortion 

(noise) characteristic, cun^e B represents a fre- 
quency property, and curve C represents an im- 
pedance characteristic. As is apparent from this 
graph, in the middle and high tone range of from 
10 1500 to 20000 Hz. the sensitivity is preferable, a 
high sound pressure characteristic is shown, and 
the output IS comparatively flat, which means high 
flatness (curve B). In this frequency range, the 
distortion is held low. and preferable results are 
T5 obtained (curve A). 

Further, the graph in Fig. 24 shows the rela- 
tionship between a frequency and sound pressure 
(relative value) when another prefen-ed loudspeaker 
is evaluated, and represents desirable results. 
20 The requirements for the components in this 
case are as follows: 

piezoelectric device: thickness t of 0.2 mm and 
W/t of 4.0 

organic material in compound piezoelectric sheet 
25 hardness of A91 according to the JIS-A stan- 
dards 

R: 100 mm 
L: 50 mm 

protective film on upper face (convex face): 
30 hardness of A79 according to the JIS-A standards 
and thickness of 2.5 mm 

protective film on lower face (protection of 
electrode): hardness of A79 according to the JIS-A 
standards and thickness of 0.1 mm 
35 adhesive to support layer, hardness of A91 
according to the JIS-A standards 

volume ratio of piezoelectric devices: Vpzr ^ 
66% 

The sound pressure is normalized at a fre- 
40 quency of 2 kHz and the flatness (20 Log sound 
pressure maximum value/minimum value) is 8.66 
dB. 

According to the present invention, the fre- 
quency property and the output characteristic of a 

45 loudspeaker can be improved and a loudspeaker 
having a desirable lone quality that saves space 
and energy can be provided. Therefore, ttie toud- 
speaker of the present invention can be employed 
as a loudspeaker for a liquid crystal wall-hanging 

50 television, a vehicle-mounted loudspeaker, a k)ud- 
speaker for a portable telephone, a large, flat loud- 
speaker, or any other loudspeaker that must tse as 
thin as possible. 

Although in the at>ove emlxxJiments. an ex- 

55 planalion is given for a loudspeaker without a toud- 
speaker box. a box may be provided with the 
loudspeaker of the present inventkjn. Further, an- 
other explanation has been given for a loudspeaker 
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where the piezoelectric sheet is so bern that It 
protrudes on the side where the matching support 
layer is provided, as is shown in Fig. 3. However, 
this piezoelectric sheet is so formed to be bent in 
the opposite direction. i.e., to the side of the pro- 
tective film. 

In the above embodiments, the acoustic im- 
pedance matching support layer 8 consists of a 
single layer, such as a polyurethane resin layer, 
and has a shape maintenance function that main- 
tains the curved shape of the compound piezoelec- 
tric sheet and a matching function that matches the 
acoustic impedance. The support layer 8 is not» 
however, thus limited. As is shown in Fig. 25, the 
matching support layer 8 may be formed of two 
layers: a shape mainter>ance layer 30 that main- 
tains the shape of the compound piezoelectric 
sheet and a matching layer 32 that matches the 
acoustic impedance. In this case, material, such as 
a resin, with a hardness that is within the range of 
from A60 to A90 according to the Japanese Indus- 
trial standards is employed for the shape support 
layer 30. A silicon rubber resin or silicone varnish 
can be employed for the matching layer 32. In 
addition, when multiple shape support layers 30 
and matching layers 32 are provided, the acoustic 
characteristic is naturally increased. 

Although in the above embodiment, a loud- 
speaker that has a single, flat compound piezoelec- 
tric sheet has been explained, the structure is not 
limited to this. For example, multiple compound 
piezoelectric sheets having a predetermined shape 
may be arranged flat to constitute a single loud- 
speaker. NATith this structure, a frequency band in a 
middle tone range or a low tone range can be 
covered. 

As is described above, the piezoelectric loud- 
speaker of the present invention and the methods 
for manufacturing it can provide the following ex- 
cellent effects. 

Since the acoustic impedance matching sup- 
port layer is employed to maintain the compound 
piezoelectric sheet in a cun^ed shape and to im- 
prove the tone quality, it is possible to provide a 
loudspeaker that has substantially improved fre- 
quency properties and output properties. 

Thus, this piezoelectric loudspeaker can be 
utilized with an acoustic device that requires a 
compact, thin loudspeaker. 

The present invention is not limited to the 
at>ove described embodiments, but may be var- 
iously modified within the scope of the claims of 
this invention. 

Claims 

1. Piezoelectric loudspeaker (2) comprising: 

a compound piezoelectric sheet (4) having 



a flat shape wherein multiple piezoelectric de- 
vices (14) are arranged in an organic material 
(16); 

electrodes (6A. 6B), each of which is pro- 
5 vided on each face of said compound piezo- 

electric sheet (4); 

an acoustic Impedance matching support 
layer (8), extended to cover said electrodes 
(6A. 6B), for maintaining said compound piezo- 
10 electric sheet (4) in a curved shape and for 
matching an acoustic impedance; and 

a support frame (10) for supporting said 
compound piezoelectric sheet (4) around a cir- 
cumference. 

Z Piezoelectric loudspeaker (2) according to 
claim 1. wherein a protective film (9) for pro- 
tecting one of said electrodes (6B) is provided 
on a side opposite to that on which said acous- 
20 tic impedance matching support layer (8) is 
formed. 

3. Piezoelectric loudspeaker (2) according to 
claim 2. wherein the thickness of said acoustic 

25 impedance matching support layer (8) differs 
from the thickness of said protective film (9). 

4. Piezoelectric loudspeaker (2) according to 
claim 3. wherein the thickness of said protec- 

30 five layer is one half or less than the thickness 
of said acoustic impedance matching layer (8). 

5. Piezoelectric loudspeaker (2) according to 
claim 1 , wherein the sum of the thicknesses of 

35 said acoustic impedance matching support lay- 
er (8) and of said protective layer is within the 
range of from 0.1 mm to 5.0 mm. 

6. Piezoelectric loudspeaker (2) according to 
40 claim 1, wherein said acoustic impedance 

matching support layer (8) is formed of a cono- 
paratively soft resin, and said organic material 
(16) of said compound piezoelectric sheet (4) 
is made of a comparatively hard resin. 

45 

7. Piezoelectric loudspeaker (2) according to 
claim 6, wherein said comparatively soft resin 
is a polyurethane resin and said comparatively 
hard resin is an epoxy resin. 

50 

& Piezoelectric loudspeaker (2) according to 
claim 6. wherein said comparatively soft resin 
has a hardness within a range of from A60 to 
A94 according to the Japanese Industrial Stan- 
55 dards. 

9. Piezoelectric loudspeaker (2) according to 
claim 1, wherein when said organic material 
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(16) o1 said compound piezoelectric sheet (4) 
is a polyurethane resin, the thickness of said 
acoustic impedance matching support layer 
(8) is 0.5 mm or greater. 

10. Piezoelectric loudspeaker (2) according to 
claim 1. wherein when said organic material 
(16) of said compound piezoelectric sheet (4) 
is an epoxy resin, the thickness of said acous* 
tic impedance matching support layer (8) is 0.1 
mm or greater. 

11. Piezoelectric loudspeaker (2) according to 
claim 1. wherein said volume ratio of said 
piezoelectric devices (14) in said compound 
piezoelectric sheet (4) is equal to or higher 
than 30 %. 

12. Piezoelectric loudspeaker (2) according to 
claim 1. wherein a hardness of said organic 
material (16> of said compound piezoelectric 
sheet (4) is A60 or greater according to the 
Japanese Industrial Standards. 

13. Piezoelectric loudspeaker (2) according to 
claim 1 . wherein a thickness of said piezoelec- 
tric devices (14) is equal to or less than 1.0 
mm. 

14. Piezoelectric loudspeaker (2) according to 
. claim 1. wherein a ratio W/t of a width W of 

said piezoelectric devices (14) to a thickness t 
is 20 or smaller. 

15. Piezoelectric loudspeaker (2) according to 
claim 1. wherein an adhesive (11) for bonding 
said compound piezoelectric sheet (4) and said 
support frame (10) together has a hardness of 
A70 or greater according to the Japanese Irv 
dustrial Standards after said adhesive (11) is 
hardened. 

ia Piezoelectric loudspeaker (2) comprising: 

a compound piezoelectric sheet (4) having 
a flat shape wherein multiple piezoelectric de- 
vices (14). are arranged in an organic material 

(16); 

electrodes (6A, 68), each of which is pro- 
vided on each face of said compound piezo- 
electric sheet (4); 

an acoustic impedance matching support 
layer (8). extended to cover said electrodes 
(6A. 6B). for maintaining said compound piezo- 
electric sheet (4) in a curved shape and for 
matching an acoustic impedance; and 

a support frame (10) for supporting said 
compound piezoelectric sheet (4) at a circum- 
ference. 



wherein a curvature radius of said curved 
shape is equal to or less than 30 times of a 
string length of an opening of said compound 
piezoelectric sheet (4). 

5 

17. Piezoelectric loudspeaker (2) according to 
claim 16. wherein a cross section that is taken 
across the center of said opening of said com- 
pound piezoelectric sheet (4) in said curved 
10 shape is an almost arched shape. 

ia Piezoelectric loudspeaker (2) according to 
claim 16, wherein a cross section that is taken 
across the center of said opening of said conr>- 
15 pound piezoelectric sheet (4) in said curved 

shape Is an almost oblong shape. 

19. Piezoelectric loudspeaker (2) according to 
claim 16. wherein said compound piezoelectric 
20 sheet (4) in said curved shape has a curve that 
constitutes a part of a cylinder with almost a 
circle in cross section or almost an oblong in 
cross section. 

25 2a Piezoelectric loudspeaker (2) according to 
claim 16. wherein a ratio R/L of a string length 
L of said opening and a curvature radius R of 
said curved shape is within a range of from 0.5 
to 5.0. 

30 

21. Method for manufacturing a piezoelectric loud- 
speaker (2) which comprises a compound pi- 
ezoelectric sheet (4) having a flat shape 
wherein multiple piezoelectric devices (14) are 

35 arranged in an organic material (16); elec- 
trodes (6A, 6B). each of which is provided on 
each face of said compound piezoelectric 
sheet (4); an acoustic impedance matching 
support layer (8). extended to cover said elec- 

40 trodes (6A, 6B). for maintaining said compound 
piezoelectric sheet (4) in a curved shape and 
for matching an acoustic impedance; and a 
support frame (10) for supporting said com- 
pound piezoelectric sheet (4) at a circumfer- 

45 ence. said piezoelectric sheet (4) being manu- 
factured by the steps of: 

forming grooves (22) hatfway in the direc- 
tion of thickness in a ceramic green sheet (20) 
before sintering; 

50 sintering said ceramic green sheet (20) to 

provide a sintered sheet; 

forming nnultiple piezoelectric devices (14) 
by dividing said sintered sheet atong said 
grooves (22); and 

55 niling said grooves (22) with said organic 

materia] (16). while said piezoelectric devices 
(14) are separated from each other, and har- 
dening said organic material (16). 
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22. Method, tor manufacturing a piezoelectric loud- 
speaker, according to claim 21, further com- 
prising the step of grinding an extra portion of 
said organic material (16) on the surface after 
said organic material (16) is hardened. 

23. Method for manufacturing a piezoelectric loud* 
speaker (2) which comprises a compound pi- 
ezoelectric sheet (4) having a flat shape 
wherein multiple piezoelectric devices (14) are 
arranged in an organic material (16); elec* 
trodes (6A, 6B), each of which is provided on 
each face of said compound piezoelectric 
sheet (4); an acoustic impedance matching 
support layer (8), extended to cover said elec> 
trodes (6A, 66), for maintaining said compound 
piezoelectric sheet (4) in a curved shape and 
for matching an acoustic impedance; mi a 
support frame (10) for supporting said com- 
pound piezoelectric sheet (4) at a ctrcumfer* 
ence. said piezoelectric sheet (4) being manu- 
factured by the steps of: 

shaping, before sintering, comparatively 
soft ceramic material that consists of ceramic 
powder and an organic binder to employ the 
formation of said piezoelectric devices (14); 

forming said piezoelectric devices (14) by 
annealing said ceramics materials after shap- 
ing: 

arranging said piezoelectric devices (14) in 
a predetermined pattern by using a piezoelec- 
tric device arrangement plate that has multiple 
arrangement holes (48); 

filling gaps between said piezoelectric de- 
vices (14) with said organic material (16) and 
hardening said organic material (16). 

24. Method for manufacturing a piezoelectric loud- 
speaker (2). according to claim 23. further 
comprising a step for grinding an extra portion 
of said organic material (16) on the surface 
after said organic material (16) is hardened. 

25. Method for manufacturing a piezoelectric loud- 
speaker (2) which comprises a compound pi- 
ezoelectric sheet (4) having a flat shape 
wherein multiple piezoelectric devices (14) are 
arranged in an organic matenal (16); elec- 
trodes (6A. 6B), each of which is provided on 
each face of said compound piezoelectric 
sheet (4); an acoustic impedance matching 
support layer (8). extended to cover said elec- 
trodes (6A, 6B), for maintaining said compound 
piezoelectric sheet (4) in a curved shape and 
for matching an acoustic impedance; and a 
support frame (10) for supporting said com- 
pound piezoelectric sheet (4) at a circumfer- 
ence, said piezoelectric sheet (4) being manu- 



factured by the steps of: 

annealing, before sintering, a comparative- 
ly soft ceramic material, having a thin sheet 
shape, that consists of ceramic powder and an 
5 organic binder; 

dividing said ceramics material having said 
thin sheet shape that is annealed by a press 
machine, of which press faces have predeter- 
mined raised and depressed portions, and for- 
70 mtng said multiple piezoelectric devices (14); 
and 

introducing said organic material (16) into 
gaps between said multiple piezoelectric de- 
vices (14). which are slightly separated from 
75 each other, and hardening said organic ma- 
terial (16). 

26. Method for manufacturing a piezoelectric loud- 
speaker (2). according to claim 25. further 
20 comprising the step of grinding an extra por- 
tion of said organic material (16) on the surface 
after said organic material (16) is hardened. 



25 



30 



35 



40 



45 



50 



55 



14 



EP 0 685 98S A2 



Fig. I 

2 




I 



L2 



.8 



^6A 



L2 



L4Y 14 
16 



Fig. 2 




BNSOOCID <EP 0685Se5A2_l.> 



15 



EP 0 685 985 A2 



20 



Fig. 4A 



JUUUUL 


□□□□□ 









.22 



Fig. 4B 



22 
22 22 



22 22 



Fig. 4C 



POLYMER 



26 ( 24 
26 



Fig. 4D 




16 



EP 0 685 985 A2 



Fig.5A Fig. 5B 

10 10 





Fig.5C 



10 



.--4 



Fig.5D Fig.5E 



Fig.SF 




Fig. 6 



10^ 






R/L« 


18 






— R 



BNSCXX:iD <E= 0685565*2. 1. > 



17 



EP 0 685 985 A2 



Fig 7A Fig.7B 




Fig 7C 

14 0^40 





1' 


ri 










1 


1 II 










1 


1 II 






1 




1 


1 II 






1 




u 


uu 










u 


uu 









3-^^14 

2^ 



-t 

34 



•14 
-38 



Fig. 7D 

16 



42 



i 



14 14 




34 
38 



40 



Fig. 7E 

14 14 14 



16 



Fig. 8 




18 



EP 0 685 985 A2 



Fig. 9 



14 14 

— 

^ c& ^ ^ ^> 
^ G <^ ^ 

^ ^ ^ 
^ o ^ ^ ^>//^i6 




44 



Fig. lOA 



46 



Fig.lOB 

48 Dl 48 

-^c? c:> <=> o c:?/ 

o o o o O/ 
Q Q <o o 

' 50 




Fig. IOC 



48 48 48 

1 V 



) 5 JT 1 
14 14 14)50 
52 

Fig.lOE 

42 14 14 



^ r^-t - ran ^ PS^:^ 
' I — 

16 



T 
52 



Fig. lOD 

14 14 

Ki P?* 1^ 1^ ^, 

52 



Fig.lOF 



14 14 14 



Fig. II 



w 



14- 



BNSOCXiD <EP 0685Se5A2.i.> 



19 



9 0 685 985 A2 



Fig. 12 



> 

i 

-I 

U 

hi 
OC 

CO 
CO 
UI 

q: 

Q. 

o 
z 

8 



1.2 



Vpzt 



0.0 











' UMIT K 


\ 809^1 


j VALUE 










1 ■ ? 



PIEZOELECTRIC 
VOLUME FRACTION 

Vpzt(%) 

— □— II % 

— 25% 
— iH- 36% 
49 % 
64% 
70% 
80% 




2 4 6 ^8 

FREQUENCY (kHz) 



10 12 



Fig. 13 

S 

■o 




100 



PIEZOELECTRIC 



5 VOLUME FRACTION Vp2t(%) 

d 

cvj 



20 



EP 0 685 985 A2 



Fig.l4A 



Fig. I4B 



I.Omm 



Fig. i4C 



Fig.i4D 



VIBRATION OF IkHz 
SHEET THICKNESS ■ 0.2mm 
FILM THICKNESS : 0.2mmEACH 



FlUVI THICKNESS -OSmmEACH 




THICKNESS : 

LOmmEACH 



8 



ZDrnm 



v4 
9 



RLM THICKNESS^ajOmmEACH 



Fig.l4E 




3.0mm 



FILM THICKNESS3.0mmEACH 



e6e5se5A2.i.> 



21 



^ 0 685 985 A2 



Fig. 15 



0.6 




0.0-1 . ' . . 1 

0 12 3 4 



THICKNESS OF PROTECTIVE RLM (mm) 



Flg.16 




TOTAL THICKNESS (mm) 



22 



EP 0 685 985 A2 



Fig. 17 

INFLUENCE OF HARDNESS OF PROTECTIVE FILM.ETC 
( NORMALIZE D AT 2kH2) 

I JIS-A 




FREQUENCY (kHz) 



CD 



u 
q: 

D 
0) 

<n 

UJ 

a. 



O 
3 



Ui 

cr 

CO 

en 

UJ 

a: 

CL 

o 
z 

3 
O 
CO 



2 

2 



Fig. 18 



INFLUENCE OF HARDNESS OF PROTECTIVE FILM.ETC. 
70i 




30 40 50 60 70 80 90 100 

94 

JIS-A STANDARD HARDNESS 



23 



EP 0 685 985 A2 



Fig.l9A 




R» 500mm 
I kHz 



Fig. I9B 




R= 200mm 
I kHz 



Fig. 20 



(NORMAUZED WITH R/L-IO AS THE STANDARD) 
30 T — . 




EP0 685 985 A2 



Fig. 21 

INFLUENCE OF W/T Vpzt66% 




10 20 30 40 

w/t *" 



Fig. 22 



INFLUENCE OF HARDNESS OF ADHESIVE 



CD 



LU 

3 
% 

liJ 

q: 

Z) 
CO 

en 

LU 

cr 

Q. 
Q 

O 
cn 

§ 

X 

< 



Hi 

3 
> 

UJ 

q: 

CL 
O 



2 

o 

CM 




30 40 50 60 70 80 90 
JIS-A STANDARD HARDNESS - 



100 



25 



EP 0 685 985 A2 



Fig. 23 

fs 

(L 




FREQUENCY (Hz) 



Fig. 25 




26 



EP 0 685 985 A2 



FIG. 24 

SOUND PRESSURE (NORMAUZED AT 2 kHz) 




FREQUENCY ( kHz) 



Fig. 26 



INFLUENCE OF HARDNESS OF POLYMER IN 
PIEZOELECTRIC COMPOSTTE MATERIAL 



q: 

<n 
o: 

Q. 

o 

8 

UJ 

> 

»- 
<t 
-I 




100 



HARDNESS 



6NS00CID <EP 05859e5A2.L> 



27 



THIS PAGE BLANK (MSP']^ 



